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Abstract: Lactic acid and lactate fermentation play important role in food 
and beverages production, control and quality. Analysis of lactate by 
standard methods is time, work consuming, and cannot be implemented at 
the production site. The alternative is the use of biosensors for lactate. The 
article reviews the biosensors for D- and L-lactic assay, their types, 
construction and application in food analysis area. The special emphasis is 
given to the commercial biosensor for lactate. The market survey indicates 
that there is a lack of lactate biosensors addressed to food industry except 
wine production. QUALI_JUICE project was the practical attempt to use 
some of the commercial biosensors in production and quality control in 
fruit juice industry. The results of the project indicates that commercial 
biosensors can be used after some minor functional adaptation in fruit 
juice production control. The application of these biosensors can be 
broadened to the other sectors of food and beverage industry. 
Keywords: lactate assay; lactate biosensor, fermented food; food spoilage; 
process control. 
Introduction 
Lactic acid is the end product of glycolysis in anaerobic conditions. There are 
two optically active stereoisomers of lactic acid: L(+)-lactic acid and D(-)-lactic acid. 
L-lactic acid is produced in muscles during anaerobic glicolysis and by most of lactic 
acid bacteria [1]. D-lactic acid is produced by some bacteria, algae and plants [2]. 
Many lactic acid bacteria are producing racemate mixture of lactic acids [3, 4]. Lactic 
acid and lactate assay is very important in many areas. Among them are: 
• Medicine – indicator of ischemia for critical care, indicator for some 
inflammations, 
• Sport medicine – testing and monitoring of training intensity and recovery, 
• Food quality analysis – fermented food, marker for bacteria spoilage of food 
and beverages, 
• Oenology – monitoring malolactic fermentation in wine, 
• Agriculture – indicator of bacteria mammary infection (mastitis), 
• Veterinary – blood lactate control in animal diseases and training  
(racing horses or dogs), 
• Process control in biotechnology – production of lactic acid. 
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Lactic acid fermentation is one of the key processes in the food industry. The 
production of fermented food is one of the oldest food processing technologies 
used by mankind. Fermentation of milk, meat and vegetables by lactic acid 
bacteria is known from 6000 BC [3]. The main goal of the use of this 
fermentation in food processing is a preservation effect. This process helps also 
to provide products with right taste, aroma and texture, improves the nutritional 
value of food, can eliminate some toxins [5-7] and prevent growth of undesired 
microorganisms like Gram-negative bacteria or moulds [8, 9]. The lactic acid 
fermentation contributes also to some probiotic properties of final product [10].  
L-lactic acid (E270) is used in food industry to decontaminate meat or poultry 
and prevent bacteria growth on them [11-13], to inhibit spoilage yeast grow [14] 
and also as antibrowning agent [15]. About 50% of lactic acid is used as 
emulsifying agent in bakery production [16]. It is used also as acidulant,  
pH buffering agent and flavouring in variety of foods and beverages like candy, 
jams, jellies, soft drinks and many others [17]. L-lactic acid can be produced 
either by chemical methods or by lactic acid fermentation [17]. Lactic acid is  
also used in the chemical industry to produce biodegradable polymers [18],  
in cosmetics, pharmaceutical, leather and textile industries [17]. 
On other hand sometimes lactic acid fermentation is undesired in food and is 
leading to its spoilage. The increased level of L-lactate in egg is an indicator of 
spoilage by contamination or incubation [19]. Also in canned fruits and 
vegetables, UHT milk the increase of L-lactate is the marker of spoilage [20]. 
Contamination of fruit juices with lactic acid bacteria during production and 
storage often remained unnoticed for a longer time. Lactic acid fermentation of 
juices is leading to alteration of organoleptic properties of them, not acceptable 
for human consumption and economic loses for the producer and environmental 
problems [19, 21]. The Code of Practice of the Association of the Industries  
of Juice and Nectars from Fruits and Vegetables of the European Economics 
Community (AIJN) [22] established the maximum permissible concentration  
of sum of both isomers of lactic acid in fruit juices as 0.5 g L-1. Lactic acid 
bacteria are also often causing spoilage of beer [23]. 
D-lactic acid is produced by some bacteria (Staphylococcus sp., Enterobacter sp.) 
and its increased level is observed in urine and blood in some bacteria infections 
[24]. The presence of D-lactic acid is an indicator of food spoilage especially raw 
meat [25], tomato and products from them [26]. D-lactic acid is not utilized in 
humans so its consumption must be controlled. WHO recommend a daily intake 
of this isomer in man to be less than 100 mg kg-1 body weight [27] and do not 
recommend its consumption by infants and young children [28]. 
In wine and cider production very important is malolactic fermentation carried 
out by lactic acid bacteria (mainly Oenococus oeni) after main alcoholic 
fermentation. L-malic acid is converted to L-lactic acid reducing the acidity of 
wine and leading to improvement of taste and flavour [4, 29]. Some strains of lactic 
acid bacteria can carry out fermentation producing D-lactic acid causing „piqûre 
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lactique” taste [30], which is undesired and lowers wine quality. The presence  
of D-lactic acid in wine and cider is used as an indicator of their spoilage [4]. 
The concentration of lactic acid (sum of both isomers) is typically measured 
using HPLC with UV/VIS or conductometric detection [21, 31, 32] or capillary 
zone electrophoresis [33]. Attempts were made for chiral resolution of D- and  
L-lactic acid by capillary electrophoresis to assay them in food products [34]. 
The lactic acid stereoisomers can be assayed independently by enzyme kits with 
stereospecific NAD+ dependent dehydrogenases [2, 35]. Such kits are produced 
for example by Boehringer, (Germany) or Megazyme, (Ireland). Other possibility 
of lactic acid assay (sum of both isomers) is the use of colorimetric test strips  
and Reflectoquant® supplied by Merck (Germany). Chromatographic methods 
and enzyme ones are expensive, time consuming and need well trained laboratory 
stuff. They need also intensive sample pre-treatment and cannot be used in food 
industry at line or on line. The alternative for these methods is the use of 
biosensors for lactic acid assay. Biosensors provide rapid, simple and direct 
measurement, with no need of sample preparation [36, 37]. 
What is a Biosensor ? 
According to definition given by IUPAC, a biosensor is an integrated 
receptor-transducer device, which is capable of providing selective quantitative 
or semi-quantitative analytical information using a biological recognition element 
in direct spatial contact with transducer element [38]. Biosensors can be 
classified according to the transducer element into [39]:  
• Electrochemical (amperometric, potentiometric, coulometric, conductometric), 
• Optical (absorbance, fluorescence, chemiluminescence, surface plasmon 
resonance), 
• Piezoelectric (quartz crystals, surface acoustic wave), 
• Calorimetric, 
• Semiconductors (field effect transistors, light addressable potentiometric sensors), 
• Others. 
The first biosensor for lactic acid (L-lactate) was reported in 1970 by Wiliams 
et al. [40]. It was amperometric electrode with cytochrome b2 as biological 
sensing element with Fe(CN)63- as redox mediator.  
Biological Recognition Elements in Lactate Biosensors 
As the most important part of every biosensor is the biological recognition 
element, the review of possible biological receptors for lactate (both isomers) is 
given below. 
The most common biological receptor for L-lactic acid is L-lactate oxidase 
(LOD) which catalyzes the reaction: 
L lactate   oxidase
2 2 2L-lactate O pyruvate H O
−+ → +                     (1) 
L-lactate content can be assayed by measuring consumption of oxygen by means 
of oxygen electrode [41, 42] or electrooxidation of H2O2 produced in reaction (1) 
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on platinum electrode. In this case, the current produced by electrochemical 
reaction is directly proportional to the lactate concentration [42-44]. Because 
ascorbate, uric acid and paracetamol react at the electrode at nearly the same 
potential as H2O2, their presence in the samples can interfere with lactate assay. 
To eliminate interferences the additional layers can be added covering the 
immobilized LOD. Typically Nafion® is used as the anti-interference layer [45], 
aromatic polyamines like polyaniline or polytyramine [46] or overoxidized 
polypyrrole [47]. The elimination of interferences influence could be achieved 
also by lowering the potential of H2O2 oxidation by modification of electrode 
surface by phtalocyanine [48] or Prussian blue [49].  
LOD is the enzyme that accepts artificial redox mediators instead oxygen: 
L lactate   oxidase
ox redL-lactate Med pyruvate Med
−+ → +                  (2) 
The reduced mediator is oxidized at electrode surface generating current which is 
proportional to the lactate concentration. 
red oxMed ze Med− →                                                (3) 
Typical redox mediators used in lactate biosensors are transition metal complexes 
like Fe(CN)63- [50], ferrocene and its derivatives [51-53], Prussian blue [54] or 
organic dyes like Meldoda blue [55]. Application of osmium complex conjugated 
with polymer leads to “wiring” of the mediator to LOD and the direct exchange 
of electrons between active centre of the enzyme and electrode could be achieved 
giving the electrode response at the absence of oxygen [56].  
L-lactate oxidase was used also in construction of electrochemilumenescent 
biosensors, in which oxidation of luminol by H2O2 produced in reaction (1) is 
followed by measuring either current or intensity of produced light [57]. 
Oxidation of luminol by H2O2 produced in reaction (1), catalysed by peroxidase 
is accompanied by chemiluminescence. This phenomenon is the basis of 
chemiluminescent optical biosensor for lactate [58, 59]. 
The other biological receptors for L-lactate are:  
• Lactate monooxygenase (specific for L-lactate) which was used in optical 
sensor [60] 
lactate    monooxygenase
2 3 2 2L lactate O CH COOH CO H O− + → + +          (4) 
• Cytochrome b2 from yeast catalyzing reaction [40] 
cytochrome    b2
ox redL lactate Med pyruvate Med− + → +                (5) 
• PQQ (pyrroloquinoline quinone) dependent L-lactate dehydrogenase [61], 
• Microorganisms like Saccharomyces cerevisiae [62], Escherichia coli [63], 
Shewanella putrefaciens [64], Acetobacter pasteurianus [65], 
• Porcine kidney tissue used in chemiluminescent biosensor [66]. 
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Unless cytochrome b2 the other biological receptors mentioned above are 
rarely used and their practical importance is negligible.  
As it was mentioned earlier, there are two stereoisomers of lactic acid. All 
biological receptors described before are specific for L-lactic acid but sometimes 
there is a need to assay D-lactic acid alone or sum of both isomers. There are two 
stereospecific NAD+ dependent lactate dehydrogenases (L-LDH and D-LDH): 
L lactate    dehydrogenaseL lactate NAD pyruvate NADH H−+ +− + → + +       (6) 
D lactate    dehydrogenaseD lactate NAD pyruvate NADH H−+ +− + → + +      (7) 
The lactate content can be in this case measured amperometricaly by 
electrooxidation of NADH [67-69] or optically by absorbance [70] or 
fluorescence of NADH [71]. The application of lactate dehydrogenases in 
biosensor construction is connected with many problems: 
• The electrooxidation of NADH is not fully reversible and is leading partially 
to a dimer production which is enzymatically inactive, 
• The electrooxidation of NADH needs high overpotential, 
• The reactions (6) and (7) are reversible. Because of that L-LDH is used 
sometimes to assay pyruvate in reverse reaction at low pH, 
• Reaction rate of reactions (6) and (7) is strongly pH-dependent and is high 
enough at pH greater than 7. 
To overcome the problems connected with electrooxidation of NADH  
the surface of the electrode was modified by redox mediators like Meldoda blue 
[30, 72, 73] or polyaniline [74].  
The other possibility is co-immobilization of diaphorase – the enzyme 
catalysing reaction: 
diaphorase
ox redNADH Med NAD Med
++ → +                          (8) 
The reduced form of synthetic redox mediator is then oxidised on the 
electrode according to reaction (3). Typical redox mediator used in such 
approach is Fe(CN)63- [75, 76].  
NADH can be also oxidised by specific oxidase: 
NADH   oxidase
2 2 2NADH O H NAD H O
+ ++ + → +                     (9) 
When lactate dehydrogenase and NADH oxidase are coimmobilized on electrode 
surface, lactate concentration can be evaluated either by oxygen consumption or 
H2O2 production or with the use of redox mediator Fe(CN)63- [77, 78]. 
L-LDH and LOD can be immobilized together yielding enzyme electrode 
with much greater sensitivity as compared with electrode with each enzyme 
alone due to the substrate recycling [79, 80]. This combination of enzymes with 
additional catalase was used in enthalpy meter for lactate [81] in which L-lactate 
was assayed by measuring temperature increase. By coimmobilzation of D-LDH, 
LOD and horseradish peroxidase on oxygen electrode the biosensor for total 
lactate was constructed [82]. 
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The equilibrium of reactions (6) and (7) can be shifted to the products by 
consumption of pyruvate, as it is done in enzyme kits, by application of 
additional enzyme L-alanine aminotransferase (glutamic-pyruvic transaminase) 
catalysing reaction: 
L-alanine  aminotransferasepyruvate glutamate L alanine 2 oxoglutarate+ → − + −   (10) 
Such approach was used in some constructions of lactate electrodes [74]. The 
same sequence of enzyme reactions connected with Vibrio sp. luciferase was 
used in bioluminescent biosensor for L- and D-lactate [83]. 
Specific D-lactate cytochrome c oxidoreductase (D-LCR) isolated from 
Saccharomyces cerevisiae catalysing reaction: 
D-LCR +D lactate 2  ferricytochrome c pyruvate 2  ferrocytochrome c+2 H− + → +   (11) 
was used with phenazine methosulphate as the mediator in amperometric screen-
printed electrode for D-lactate [84]. 
Key Factors in Lactate Biosensor Aplication 
Practically only L-lactate oxidase and both lactate dehydrogenases have real 
importance in lactate biosensors construction. Most of the lactate biosensors 
described in literature are amperometric ones and are reviewed up to 2007 by 
Nikolaus & Strehlitz [19] and only they found application in commercial 
biosensors for lactic acid. The main trends in construction of amperometric 
electrodes are: miniaturization to obtain implantable probes, incorporation in 
flow system, production by screen-printing technique allowing for cheap and 
mass production of biosensors.  
The key factor in developing of a biosensor is the immobilization of the 
enzyme at the transducer surface. The performance factors (lifetime, sensitivity, 
selectivity, stability, response time and linear range) depend strongly on the 
method used to immobilize the enzyme [19]. Typical methods of immobilization 
are physical adsorption, entrapment in polymer matrix or inorganic gel, 
crosslinking by bi-functional reagents, covalent binding and enclosing by semi-
permeable membrane [38]. Immobilization method influences the enzyme 
properties like thermal stability, pH optimum, Michaelis constant [52, 85, 86]. Very 
promising strategy in production of enzyme electrodes is screen-printing using inks 
composed of powdered carbon or graphite, enzyme, mediator and polymer as 
binder to obtain working electrode [55, 71, 84, 86, 87], Such approach enables 
miniaturisation of the biosensor, which can be used as disposable one. 
The important parameters of biosensor operation are sensitivity, linear range 
and lower detection limit. These parameters are connected together and depend 
on the biological receptor, method of immobilization and construction of the 
biosensor [19]. For most of the lactate electrodes with LOD or LDH the upper 
limit of linear range is between 1 and 2 mM·L-1, when the biosensor is used in 
batch mode. The linear range can be extended considerably by adding covering 
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membrane limiting the substrate diffusion to the biosensor surface [43]. The 
response time of lactate biosensors is typically less then 5 minutes reaching in 
some cases even 10 seconds [50].  
One of the important problems in practical application is the shelf and 
operational lifetime of the biosensor determined greatly by the stability of the 
enzyme but also by the immobilization method. The activity of the enzyme 
immobilized on the biosensor is decreasing in time, what causes the necessity of 
recalibration during prolonged use of the biosensor. This problem can be omitted 
by the use of disposable biosensors if the shelf life is long enough. Such 
approach is used in some commercial amperometric biosensors for lactate. The 
data in literature about operational stability of lactate biosensors are hardly 
comparable, because this parameter was examined in too many different ways [19]. 
Generally, the described operational lifetimes are not longer than 2 weeks.  
The shelf life (storage stability) of lactate biosensors is much longer reaching  
6 months for biosensor kept in refrigerator [88]. 
The electrochemical lactate biosensor can work in batch mode or in flow 
system. The incorporation of the biosensor into flow system allows automatic 
measurements, less work and time, with extended linear range [47, 89]. 
Application of Lactate Biosensors in Food Analysis 
Most of the applications of lactate biosensors described in literature are in the 
area of clinical analysis and sport medicine – L-lactate assay in blood and serum 
but also in saliva and tears [90]. Apart typical medical applications lactate 
biosensors were used to assay lactate content in food and beverages. Most of 
biosensors proposed in literature to assay lactate in different food samples are 
amperometric enzyme electrodes with L-lactate oxidase or with L- or D- NAD+ 
dependent dehydrogenases [19].  
Although other types of sensor (potentiometric, field effect transistors, 
(electro)chemiluminescent) are used to construct lactate biosensor [90], only  
few of them were applied to assay lactate in real food or beverage samples. 
Nguyen-Bosse et al. described conductometric biosensor with L-lactate oxidase 
and horseradish peroxidase immobilized in bovine serum albumin gel [91]. They 
claimed that LOD lost after immobilization its stereospecifity and applied with 
success proposed biosensor to assay both stereoisomers of lactic acid in yoghurt 
samples. Fluorimetric biosensor with L-LDH was used in flow injection system 
to assay L-lactate in milk drink through increase of NADH fluorescence [71]. 
Girotti et al. described a flow system with D- or L-LHD, luciferase from  
Virio sp., (NADH:FMN) oxidoreductase and L-alanine aminotransferase 
immobilized on the tip of optical fibre measuring D- or L-lactate in beer samples 
by bioluminescence [83]. Luminol oxidation by H2O2 formed in reaction (1) 
catalysed by peroxidase accompanied with chemiluminescence was used to assay 
L-lactate in milk [66] and yoghurt [59]. Electrochemiluminescence accompanying 
luminol electrochemical oxidation coupled with reaction (1) was used in 
biosensor for assay of L-lactate in whey [57]. 
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Amperometric lactate biosensors were used to assay L-lactate in milk and 
milk products like yogurts [53, 92-95], cream or cheese [96, 97] without special 
pre-treatment of samples only with appropriate dilution. The concentrations of  
L-lactate measured by the biosensors were in good agreement with the results 
obtained by standard enzyme spectrophotometric methods. The other area  
of lactate biosensor application in dairy industry is following the fermentation of 
milk [43, 46, 98] or mozzarella cheese production and ripening [99]. There were 
attempts to use lactate biosensor to assay traces of antibiotics in milk through 
inhibition of LOD [100]. L-lactate biosensor was also applied to detect bacterial 
contaminations in UHT milk leading to its spoilage [20]. Other important area of 
lactate biosensors application is wine production. Wine contains L-lactate as the 
result of malo-lactic fermentation but can contain also D-lactate in case of 
spoilage [76]. Because of that, for wine quality control, both types of biosensor 
for L- and D-isomers were developed [30, 72, 73, 75, 85, 101]. Mazzei et al. 
proposed a multienzyme biosensor with LOD and D-LDH for assay the sum  
of D-and L-lactic acid in wine [82]. L-lactate biosensors were used with success 
to follow the malo-lactic fermentation in wine[29, 102]. The polyphenolic 
compounds present in wine, especially in red ones, give some matrix effect to the 
biosensor response [53] but this problem can be solved by dilution of samples. 
Lactate biosensors were used also for quantification of L-lactate in other 
beverages like cider [74], beer [83, 103] or kvass [104]. There are only few examples 
of lactate biosensor application in other food sectors. Lactic acid was assayed by 
biosensors in tomatoes and products from them [26, 47] or in meat extracts [105]. 
Lactate biosensor was also used to assay L-lactate in fermented food like olive 
and cabbage brine [95], kimchi [106], sport drinks [107]. 
Assay of L-lactate concentration by lactate biosensor can be used to monitor 
fermentation processes [31, 79]. L-lactate biosensors can be helpful in veterinary and 
agriculture for example to detect cattle mastitis [108] because L-lactic acid is present 
in milk during cow milking in case of udder inflammation. Additionally lactate 
biosensors can be used in veterinary in similar cases as in human (sport) medicine. 
Commercial biosensors for lactate 
Most of the commercial biosensors for lactate available on the market utilize 
L-lactate oxidase as biosensing element and are devoted to assay L-lactate in 
blood and serum in emergency rooms in hospitals, in clinical laboratories or for 
personal use for athletes, as the blood lactate level during exercise and after it is 
the indicators of training status and recovery. Depending on application, the 
apparatus measuring L-lactate with biosensor could be a laboratory stand, 
portable or hand held device. Biosensors used in L-lactate analysers could be 
reusable or disposable. The last approach is typical for hand held devices in sport 
medicine for personal use. Some devices present on the market can be applied for 
bioprocess control and food analysis. The commercial biosensor for lactate are 
summarised in Table 1.  
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Table 1. Commercial models of lactate biosensors, their producers and application 
Producer Model Purpose 
YSI Inc (Ohio, USA) YSI 2300 STAT™ Plus Glucose & 
Lactate Analyzer 
Clinical analysis 
YSI 2700 SELECT™ 
Biochemistry Analyzer 
Bioprocess control, analysis 
of food and beverages 
YSI 7100 Multiparameter 
Bioanalytical System 
Bioanalysis 
YSI 1500 SPORT™ Lactate 
Analyzer 
Sport medicine 
Nova Biomedical 
(Massachusetts, USA) 
Stat Profile® Critical Care Xpress 
Stat Profile® pHOx 
Clinical analysis 
BioProfile® Analalyzers Bioprocess control 
Lactate Plus Personal use (sport 
medicine) 
Abbot Laboratories 
(Illinois, USA) 
i-STAT® Clinical analysis (point of 
care and emergency room) 
EKF Diagnostic GmbH 
(Germany) 
Biosen C_Line 
Biosen S_Line 
Clinical analysis 
Sens Lab (Germany) Lactate SCOUT Personal use (sport 
medicine) 
ARKRAY (Japan) Lactate Pro LT-1710 Personal use (sport 
medicine) 
Roche Diagnostic 
(Germany) 
Accutrend® Plus Clinical analysis (point of 
care) 
Accutred® Lactate Personal use (sport 
medicine) 
DiaSys GmbH (Germany) SensoStar Clinical analysis 
Med-Tronik GmbH 
(Germany) 
Powerlact® Personal use (sport 
medicine) 
ApexBio (Taiwan) The Edge™ Personal use (sport 
medicine) 
Bio Sensor Technology 
GmbH (Germany)  
LABTREND Clinical analysis 
LACPRO Clinical analysis (portable) 
LactatProfi 3000  Clinical analysis (portable) 
Sensolytics GmbH 
(Germany) 
OLGA (On Line General 
Analyser) 
Bioprocess control 
Trace GmbH Labo TRACE Clinical analysis 
TRACE C2 
Process TRACE 
Multi TRACE 
Bioprocess control 
BioFutura s.r.l. (Italy) Wine checker “Per Bacco” Wine analysis 
Tectronik s.r.l. (Italy) Senzytec 1 Wine analysis 
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Only YSI Inc. offers the biosensor for food and beverages analysis purpose.  
In Italy, which is a great wine producer, two little companies (BioFutura  
and Tectronik) developed amperometric biosensors for D- and L-lactic acid 
assay, while concentrations of both of them are important wine quality 
parameters. These two devices use disposable biochips with immobilized lactate 
dehydrogenases. Application of both of them can be broadened to other analytes 
like glucose, ethanol, L-malate and others using appropriate electrodes [75].  
Very near to the concept of biosensor is SIRE® Biosensor 101e produced  
by Chemel AB (Sweden). It consists of small reaction chamber with electrodes. 
For measurement, a small aliquot of L-lactate oxidase is injected to this chamber 
and the electric current accompanying reduction of H2O2 produced in reaction (1), 
which is proportional to L-lactate concentration, is measured. SIRE technology 
was used to measure L-lactate in tomato paste and baby food [109]. 
QUALI_JUICE project 
The aim of QUALI_JUICE project “Quality assurance and development of an 
early warning system for microbial spoilage for the European fruit juice 
industry”, contract number COLL-CT-2005-012461 was the application of 
lactate biosensor at juice producing plants (especially from apples) to control the 
production process and quality of the final product. Small and medium fruit juice 
producers face the problem of contamination with lactic acid bacteria, provoking 
undesired fermentation processes leading to juice spoilage and causing financial 
losses for the affected companies and environmental problems. To reach the 
goals of the project it was divided into few work packages: 
• Definition of the problem assumption (risk of contamination by the lactic acid 
bacteria, producers requirements, state of art in area of lactate biosensors), 
• Laboratory validation of chosen biosensors (stability, sensitivity, limits of 
detection, accuracy, precision, reproducibility, interferences), 
• Functional adaptation of chosen biosensors to measure lactate in fruit juices 
(preparation of samples, elimination of interferants, changes in measurement 
protocols), 
• Practical application (lactate assay in different juice samples and comparison 
of the results with other methods – enzyme kits and chromatography, 
measurements of lactate level in fruit juices at the production plant by the 
producer personnel, evaluation of the biosensors by juice producers, 
installation of early warning system with the biosensor on-line), 
• Training of the juice producers in the use of the biosensors,  
• Dissemination (information campaign in press, at exhibitions and conferences 
and by internet). 
The consortium involved in the project decided to use commercial biosensors 
as the control instruments. The chosen ones were: Biosen C_Line sport (EKF, 
Germany), LactatProfi 3000 (ABT, Germany), OLGA (Sensolytics, Germany) 
and Senzytec 1 (Tectronik, Italy). The first two devices are devoted to assay  
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L-lactate in blood and serum samples. While the chemical composition and pH of 
fruit juice is completely different from blood both biosensors needed detailed 
validation [110]. The obtained results indicated that they can be used to assay  
L-lactate in juice samples after some modifications in operational protocols.  
The reliable results were obtained when the samples were purified by polyamide 
6 instead polyvinylopirrolidone. This result was adopted by Tectronik in the new 
version of Senzytec device. In case of LactatProfi 3000 crucial point is  
the calibration of the device. When L-lactate is measured in fruit juices the 
calibration must be done before every measurement not every 8 hours as it  
is stated in the producer instruction. The biosensors were used to assay  
of D-lactate (only Senzytec 1) and L-lactate in samples of apple pulp, apple must 
and concentrates from the production site [110, 111] , commercial apple juices 
[110], other fruit juices and traditional fermented food. The results were 
compared with those obtained by enzyme kits. The results obtained with three 
tested biosensors and standard enzyme kit method were in good agreement. The 
biosensors were used to follow the laboratory fermentations of apple juice and 
apple pulp by lactic acid bacteria and the results were comparable with those 
obtained by chromatographic method [31, 32]. The use of the biosensors to assay 
L-lactate in connection with bacteriological analysis allowed to find the critical 
point at the production plant where the secondary microbiological contamination 
of pasteurised juice could happened [111]. Biosen C_Line sport, LactatProfi 
3000 and Senzytec 1 were tested by some juice producing companies. The 
evaluation by the end users indicates that from their point of view the best choice 
would be Biosen C_line sport because of its accuracy, user’s friendly interface 
and simplicity of measurement. The limiting factor of its use is the economical 
impact (the price of the device is too high for small and medium enterprises).  
Because the increasing level of L-lactate in juice is the indicator of the 
begging of lactic acid bacteria fermentation [111] lactate biosensor can be a part 
of early warning system on-line. For this purpose OLGA device was chosen 
while it is working in stopped flow mode. It was integrated with alarming device 
and connected with a sampling system at the critical point at the production plant. 
The functional test of the whole system lasted 4 weeks and showed that 
continuous control of L-lactate concentration at the production line is possible.  
The results of QUALI_JUICE project indicates that commercial biosensors 
for L-lactate can be used in juice production industry to control the production 
process and quality of final product. The final choice of the device (biosensor) by 
the future user (juice producing company) would be defined by its particular 
demands (simplicity of the measurements, possibility of usage at line) and 
economical impact (price of the device and consumables). 
Conclusions 
After more than forty years from the first described lactate electrode the 
application of lactate biosensors in areas different from medicine (including sport 
medicine) is still very limited. In food and beverage production the assay of lactic 
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acid is very important to control lactic acid fermentation processes (also 
undesired leading to the spoilage) and product quality. The use of the biosensors 
for this purpose could be the alternative for standard methods like enzyme  
kits and chromatography. The main advantages of the lactate biosensor use are  
as follows: 
• Shortening the time of analysis, 
• The assay can be made by unskilled personnel after short training, 
• The measurements can be done at the production site,  
• The cost of analysis is lower as compared with standard methods. 
The disadvantages of the biosensor use in food and beverage industry are:  
the fact that the measurement with biosensors is not included in standards  
and legislation and the lack of commercial biosensors devoted for lactate assay  
in food except YSI 2700 SELECT™ Biochemistry Analyzer (YSI Inc., USA). 
Only for the wine industry, the market offers specific biosensors for complex 
analysis of wine production and quality. 
Application of lactate biosensors in food and beverage production described 
in literature is still limited mainly to dairy products and wine. The results of the 
QUALI_JUICE project proved that commercial biosensors dedicated for assay of 
L-lactate in blood could be used without any changes in construction for analysis 
of fruit juices and other products. There is only a need of some simple sample 
preparation (absorption of interferants by polyamide 6) and some changes in 
operation protocols (frequency of calibration). These results open the opportunity 
for much broader use of lactate biosensors in food and beverage industry.  
References  
1. Tsai SP, Coleman RD, Moon SH, Schneider KA, Millard CS. Strain screening and 
development for industrial lactic acid fermentation. Applied Biochem Biotech 1993, 
39-40:323-335. 
2. Bergmeyer HU. Methods of Enzymatic Analysis. vol VI. Verlag Chemie, Weinheim, 
Germany, 1984, 588-592. 
3. Caplice E, Fitzgerald GF. Food fermentations: role of microorganisms in food 
production and preservation. Int J Food Microbiol 1999, 50:131-149. 
4. Liu S-Q. Practical implications of lactate and pyruvate metabolism by lactic acid 
bacteria in food and beverage fermentations. Int J Food Microbiol 2003, 83:115-131. 
5. Ikediobi CO, Onyike E. Linamarase activity and detoxification of cassava (Manihot 
esculenta) during fermentation. Agric Biol Chem 1982, 46:1667-1669. 
6. Oyewole OB. Lactic fermented foods in Africa and their benefits. Food Control 1997, 
8:289-297. 
7. Lee C-H. Lactic acid fermented foods and their benefits in Asia, Food Control 1997, 
8:259-269. 
8. Stiles ME. Biopreservation by lactic acid bacteria. Antonie van Leeuwenhoek 1996, 
70:331-345. 
9. Calo-Mata P, Arlindo S, Boehme K, de Miguel T, Pascoal A, Barros-Velazquez J. 
Current applications and future trends of lactic acid bacteria and their bacteriocins for 
biopreservation of aquatic food products. Food Bioprocess Technol 2008, 1:43-63. 
Lactate biosensors for food industry 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
83 
10. Feord J. Lactic acid bacteria in changing legislative environment. Antonie van 
Leeuwenhoek 2002, 82:353-360. 
11. Greer GG, Dilts BD. Lactic acid inhibition of the growth of spoilage bacteria and cold 
tolerant pathogens on pork. Int J Food Microbiol 1995, 25:141-151. 
12. Sakhare PZ, Sachindra NM, Yashoda KP, Narasimha Rao D. Efficacy of intermittent 
decontamination treatments during processing in reducing the microbial load on 
broiler chicken carcass. Food Control 1999, 10:189-194. 
13. Shrestha S, Min Z. Effect of lactic acid pretreatment on the quality of fresh pork 
packed in modified atmosphere. J Food Eng 2006, 72:254-260. 
14. Savard T, Beaulieu C, Gardner NJ, Champagne CP. Characterization of spoilage 
yeasts isolated from fermented vegetables and inhibition by lactic, acetic and 
propionic acids. Food Microbiol 2002, 19:363-373. 
15. Son SM, Moon KD, Lee CY. Inhibitory effects of various antibrowning agents on 
apple slices. Food Chem 2001, 73:23-30. 
16. Litchfield JH. Microbiological production of lactic acid. Adv Appl Microbiol 1996, 
42:45-95. 
17. Reddy G, Altaf MD, Naveena BJ, Venkateshwar M, Vijaj Kumar E. Amylolytic 
bacterial lactic acid fermentation – A review. Biotechnol Adv 2008, 26:22-34. 
18. Wee YJ, Kim JN, Ryu HW. Biotechnological production of lactic acid and its recent 
applications. Food Technol Biotechnol 2006, 44:163-172. 
19. Nikolaus N, Strehlitz B. Amperometric lactate biosensors and their application in 
(sports) medicine, for life quality and wellbeing. Microchim Acta 2008, 160:15-55. 
20. Skládal P, Mascini M, Salvadori C, Zannoni G. Detection of bacterial contamination 
in milk using L-lactate biosensor. Enzyme Microb Tech 1993, 15:508-512. 
21. Trifirò A, Saccani G, Gherardi S, Vicini E, Spotti E, Previdi MP, Ndagijimana M, 
Cavalli S, Reschiotto C. Use of ion chromatography for monitoring microbial 
spoilage in the fruit juice industry. J Chromatogr A 1997, 770:243-252. 
22. Code of practice for the evaluation of fruit and vegetable juices. Association of the 
Industries of Juice and Nectars from Fruits and Vegetables of the Europe Economics 
Community, Brussels (Belgium), 2001. 
23. Sakamoto K, Konings WN. Beer spoilage bacteria and hop resistance. Int J Food 
Microbiol 2003, 89:105-124. 
24. Smith SM, Eng RHK, Buccini F. Use of D-lactic acid measurements in the diagnosis 
of bacterial infections. J Infect Dis 1986, 154:658-664.  
25. Nychas G-JE, Skandamis PN, Tassou CC, Koutsoumanis KP. Meat spoilage during 
distribution. Meat Science 2008, 79:77-89. 
26. Mazzei F, Azzoni A, Cavalieri B, Botrè F, Botrè C. A multi-enzyme bioelectode for 
rapid determination of total lactate concentration in tomatoes, tomato juice and 
tomato paste. Food Chem 1996, 55:413-418. 
27. Toxicological evaluation of some antimicrobials, antioxidants, emulsifiers, stabilizers, 
flour-treatment agents, acids and bases. WHO Food Add 67.29, 1967, 144. 
28. Toxicological evaluation of some food additives including anticaking agents, 
antimicrobials, antioxidants, emulsifiers and thickening agents. WHO Food Add 
Series 1974, 5:461-465. 
29. Esti M, Volpe G, Micheli L, Delibato E, Compagnone D, Moscone D, Palleshi G. 
Electrochemical biosensors for monitoring malolactic fermentation in red wine using 
two stains of Oenococcus oeni. Anal Chim Acta 2004, 512:357-364. 
Przybyt 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
84 
30. Avramescu A, Noguer T, Avramescu M, Marty J-L. Screen-printed biosensors for the 
control of wine quality based on lactate and acetaldehyde determination. Anal Chim 
Acta 2002, 458:203-213. 
31. Vodnar D, Socaciu C. Comparative analysis of lactic acid produced by apple substrate 
fermentation, using HPLC and Tectronic Senzytec biosensor. Bulletin UASVM 
Agriculture 2008, 65:444-449. 
32. Wojtczak M, Antczak A, Przybyt M. Use of ionic chromatography in determining the 
contamination of apple juice by lactic acid. Food Addit Contam A 2010, 27:817-824. 
33. Klampfl CW, Buchberger W, Haddad PR. Determination of organic acids in food 
samples by capillary zone electrophoresis. J Chromatogr A 2000, 881:357-364. 
34. Kodama S, Yamamoto A, Matsunaga A, Soga T, Minoura K. Direct chiral resolution 
of lactic acid in food products by capillary electrophoresis. J Chromatogr A 2000, 
875:371-377. 
35. Bergmeyer HU. Methods of Enzymatic Analysis. vol VI. VCH Publishers Ltd., 
Cambridge, UK, 1988, 582-588. 
36. Miertuš S, Kartlík J, Pizzariello A, Stred’anský M, Švitel J, Švorc J. Amperometric 
biosensors based on solid binding matrices applied in food quality monitoring. 
Biosens Bioelectron 1998, 13:911-923. 
37. Herrero AM, Requena T, Reviejo AJ, Pingarrón JM. Determination of L-lactic acid in 
yoghurt by a bienzyme amperometric graphite-Teflon composite biosensor. Eur Food 
Res Technol 2004, 219:557-560. 
38. Thévenot DR, Thòt K, Durst RA, Wilson GS. Electrochemical biosensors: recommended 
definitions and classification (Technical report). Pure Appl Chem 1999, 71:2333-2348. 
39. Terry LA, White SF, Tigwell LJ. The application of biosensors to fresh products and 
the wider food industry. J Agric Food Chem 2005, 53:1309-1316. 
40. Wiliams DL, Doig AR, Korosi A. Electrochemical-enzymatic analysis of blood 
glucose and lactate. Anal Chem 1970, 42:118-121. 
41. Makovos EB, Liu CC. Measurements of lactate concentration using lactate oxidase 
and an electrochemical oxygen sensor. Biotechnol Bioeng 1985, 27:167-170. 
42. Palleschi G, Volpe G, Compagnone D, La Notte E, Esti M. Bioelectrochemical 
determination of lactic and malic acids in wine. Talanta 1994, 41:917-923. 
43. Palmisano F, Centonze D, Quinto M, Zambonin PG. A microdialysis fibre sampler 
for flow injection analysis: determination of L-lactate in biofluids by an 
electrochemically synthesised bilayer membrane based biosensors. Biosens Bioelectr 
1996, 11:419-425. 
44. Mascini M, Moscone D, Palleschi G, Pilloton R. In-line determination of metabolites 
and milk components with electrochemical biosensors, Anal Chim Acta 1988, 
213:101-111. 
45. Patel NG, Erlenkötter A, Cammann K, Chemnitius G-C. Fabrication and 
characterization of disposable type lactate oxidase sensors for dairy products and 
clinical analysis. Sensor Actuat B-Chem 2000, 67:134-141. 
46. Palmisano F, Quinto M, Rizzi R, Zambonin PG. Flow injection analysis of L-lactate 
in milk and yoghurt by on-line microdialysis and amperometric detection at a disposable 
biosensors. Analyst 2001, 126:866-870. 
47. Palmisano F, Rizzi R, Centonze D, Zambonin PG. Simultaneous monitoring of 
glucose and lactate by an interference and cross-talk free dual electrode amperometric 
biosensor based on electropolymerized thin films. Biosens Bioelectr 2000, 15:531-539. 
Lactate biosensors for food industry 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
85 
48. Iwuoha EI, Rock A, Smyth MR. Amperometric L-lactate biosensor : 1. Lactic acid 
sensing electrode containing lactate oxidase in a composite poly-L-lysine Matrix. 
Electroanal 1999, 11:367-373. 
49. Garjonyte R, Yigzaw Y, Menkys R, Malinaukas A, Gorton L. Prussian blue- and 
lactate oxidase-based amperometric biosensor for lactic acid. Sensor Actuat B-Chem 
2001, 79:33-38. 
50. Sato N, Okuma H. Amperometric simultaneous sensing system for D-glucose and L-
lactate based on enzyme- modified bilayer electrodes. Anal Chim Acta 2006, 
565:250-254. 
51. Abel PU, von Voedtke T, Schulz B, Bergann T, Schwock A. Stability of immobilized 
enzymes as biosensors for continuous application in vitro and in vivo. J Mol Catal B-
Enzym 1999, 7:93-100. 
52. Parra A, Casero E, Vázquez L, Pariente F, Lorenzo E. Design and characterization of 
a lactate biosensor based on immobilized lactate oxidase onto gold surface. Anal 
Chim Acta 2006, 555:308-315. 
53. Zanini VP, de Mishima BL, Labbé P, Solís V. An L-lactate amperometric enzyme 
electrode based on L-lactate oxidase immobilized in a laponite gel on a glassy carbon 
electrode. Application to dairy products and red wine. Electroanal 2010, 22:946-954. 
54. De Luca S, Florescu M, Ghica ME, Lupu A, Palleschi G, Brett CMA, Compagnone 
D. Carbon film electrodes for oxidase-based enzyme sensors in food analysis. Talanta 
2005, 68:171-178. 
55. Albareda-Sirvent M, Hart AL. Preliminary estimates of lactic and malic acid in wine 
using electrodes printed from inks containing sol-gel precursors. Sensor Actuat B-
Chem 2002, 87:73-81. 
56. Ohara TJ, Rajagopolan R, Heller A. “Wired” enzyme electrodes for amperometric 
determination of glucose or lactate in the presence of interfering substances. Anal 
Chem 1994, 66:2451-2457. 
57. Marquette CA, Blum LJ. Luminol electrochemiluminescence-based fibre optic 
biosensors for flow injection analysis of glucose and lactate in natural samples. Anal 
Chim Acta 1999, 381:1-10. 
58. Blum LJ, Gautier SM, Berger A, Michel PE, Coulet PR. Multicomponent organised 
bioactive layers for fiber-optic luminescent sensors. Sensor Actuat B-Chem 1995, 29 :1-9. 
59. Ballesta-Claver J, Valencia-Mirón MC, Capitán-Vallvey LF. One-shot lactate 
chemiluminescent biosensor. Anal Chim Acta 2008, 629:136-144. 
60. Trettnak W, Wolfbeis OS. A fully reversible fiber optic lactate biosensor based on the 
intrinsic fluorescence of lactate monooxygenase. Fresen J Anal Chem 1989, 334:427-430. 
61. Treu BL, Minteer SD. Isolation and purification of PQQ-dependent lactate 
dehydrogenase from Gluconobacter and use for direct electron transfer at carbon and 
gold electrodes. Bioelectrochem 2008, 74:73-77. 
62. Garjonyte R, Melvydas V, Malinaukas A. Mediated amperometric biosensors for 
lactic acid based on carbon paste electrodes modified with baker’s yeast 
Saccharomyces cerevisiae. Bioelectrochem 2006, 68:191-196. 
63. Adamowicz E, Burnstein C. L-lactate enzyme electrode obtained with immobilized 
respiratory chain from Escherichia coli and oxygen probe for specific determination 
of L-lactate in yoghurt, wine and blood. Biosensors 1987/1988, 3:27-43. 
64. Kim HJ, Hyun MS, Chang IS, Kim BH. A microbial fuel cell type lactate biosensor 
using a metal-reducing bacterium, Shewanella putrefaciens. J Microb Biotech 1999, 
9:365-367. 
Przybyt 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
86 
65. Luong JHT, Mulchandani A, Groom CA. The development of an amperometric 
microbial biosensor using Acetobacter pasteurianus for lactic acid. J Biotech 1989, 
10:241-252. 
66. Wu F, Huang Y, Huang C. Chemiluminescence biosensor system for lactic acid using 
natural animal tissue as recognition element. Biosens Bioelectron 2005, 21:518-522. 
67. Silber A, Bräuchle C, Hampp N. Dehydrogenase-based thick-film biosensors for 
lactate and malate. Sensor Actuat B-Chem 1994, 18:235-239. 
68. Rahman MM, Shiddiky MJA, Rahman MDA, Shim Y-B. A lactate biosensor based 
on lactate dehydrogenase/nicotinamide adenine dinucleotide (oxidized for) immobilized 
an a conducting polymer/multiwall carbon nanotube composite film. Anal Biochem 
2009, 384:159-165. 
69. Agüí L, Eguílaz M, Peña-Farfal C, Yáñez-Sedeño P, Pingarrón JM. Lactate 
dehydrogenase biosensors based on an hybrid carbon nanotube-conducting polymer 
modified electrode. Electroanal 2009, 21:386-391. 
70. Li Ch-I, Lin Y-H, Shih Ch-L, Tsuar J-P, Chau L-K. Sol-gel encapsulation of lactate 
dehydrogenase for optical sensing of L-lactate. Biosens Bioelectron 2002, 17:323-330. 
71. Li Y-S, Ju X, Gao X-F, Zhao Y-Y, Wu Y-F. Immobilization enzyme fluorescence 
capillary analysis for determination of lactic acid. Anal Chim Acta 2008, 610:249-256. 
72. Avramescu A, Noguer T, Magerau V, Marty J-L. Chronoamperometric determination 
of D-lactate using screen-printed enzyme electrodes. Anal Chim Acta 2001, 433:81-88. 
73. Avramescu A, Andreescu S, Noguer T, Bala C, Andreescu D, Marty J-L. Biosensors 
designed for environmental and food quality control based on screen-printed graphite 
electrodes with different configurations. Anal Bioanal Chem 2002, 374:25-32. 
74. Lobo-Castañón MJ, Miranda-Ordieres AJ, Tuñón-Blanco P. A bienzyme-poly 
(-o-phenylenediamine)-modified carbon paste electrode for the amperometric 
detection of L-lactate. Anal Chim Acta 1997, 346:165-174. 
75. Kartlík J, Pizzariello A, Mastihuba V, Švorc J, Stred’anský M, Miertuš S. Biosensors 
for L-malate and L-lactate based on solid binding matrix. Anal Chim Acta 1999, 
379:193-200. 
76. Gilis M, Comtat M. (1995) Contribution of biosensors to oenology and constrains 
associated with their use. Sensor Actuat B-Chem 1995, 27:417-420. 
77. Montagné M, Marty JL. (1995) Bi-enzymatic amperometric D-lactate sensor using 
macromolecular NAD+. Anal Chim Acta 1995, 315:297-302. 
78. Montagné M, Erdmann H, Comtat M, Marty JL. Comparison of the performance of 
two bi-enzymatic sensors for the detection of D-lactate. Sensor Actuat B-Chem 1995, 
27:440-443. 
79. Casimiri V, Burnstein C. Co-immobilized L-lactate oxidase and L-lactate 
dehydrogenase on oxygen electrode for highly sensitive L-lactate determination. 
Biosens Bioelectron 1996, 11:783-789. 
80. Mizutani F, Shimura Y, Tsuda K. Catalytic assay of L-lactate or pyruvate with an 
enzyme electrode based on immobilized lactate oxidase and lactate dehydrogenase. 
Chem Lett 1984, 13:199-202. 
81. Scheller F, Siegbahn N, Danielsson B, Mosbach K. High-sensitivity enzyme thermistor 
determination of L-lactate by substrate recycling. Anal Chem 1985, 57:1740-1743. 
82. Mazzei F, Botrè F, Favero G. Peroxidase based biosensors for the selective determination 
of D,L-lactic acid and L-malic acid in wines. Microchem J 2007, 87:81-86. 
Lactate biosensors for food industry 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
87 
83. Girotti S, Muratori M, Fini F, Ferri EN, Carrea G, Koran M, Rauch P. Luminescent 
enzymatic flow sensor for D- and L-lactate assay in beer. Eur Food Res Technol 
2000, 210:216-219. 
84. Pohanka M, Zbořil P. Amperometric biosensor for D-lactate assay, Food Technol 
Biotechnol 2008, 46:107-110 
85. Shkotova LV, Goriushkina TB, Tran-Minh C, Chovelon J-M, Soldatkin AP, 
Dzyadevych SV. Amperometric biosensor for lactate analysis in wine and must 
during fermentation. Mater Sci Eng C-Biomim 2008, 28:943-948. 
86. Prieto-Simón B, Fàbregas E, Hart A. Evaluation of different strategies for the 
development of amperometric biosensor for L-lactate. Biosens Bioelectron 2007, 
22:2663-2668. 
87. Collier WA, Lovejoy P, Hart AL. Estimation of soluble L-lactate in dairy products 
using screen-printed sensors in a flow injection analyzer. Biosens Bioelectron 1998, 
13:219-225 
88. Serra B, Reviejo AJ, Parrado C, Pingarrón JM. Graphite-teflon composite bienzyme 
electrodes for the determination of L-lactate: application to food samples. Biosens 
Bioelectron 1999, 14:505-513. 
89. Mizutani F, Yabuki S, Hirata Y. Flow injection analysis of L-lactic acid using an 
enzyme-polyion complex-coated electrode as the detector. Talanta 1996, 43:1815-1820. 
90. Rassei L, Olthuis W, Tsujimura S, Sudhölter EJR, van der Berg A, Lactate 
biosensors: current status and outlook. Anal Bioanal Chem 2014, 406:123-137 
91. Nguyen-Boisse TT, Saulmier J, Jaffrezic-Renault N, Lagarde F. Highly sensitive 
conductometric biosensor for total lactate, D- and L-lactate determination in dairy 
products. Sensor Actuat B-Chem 2013, 179:232-239 
92. Ghamouss F, Ledru S, Ruillé N, Lantier F, Boujtita M. Bulk-modified screen-printing 
carbon electrodes with both lactate oxidase (LOD) and horseradish peroxidase (HPR) 
for the determination of L-lactate in flow injection analysis mode. Anal Chim Acta 
2006, 570:158-164. 
93. Choi MMF. Application of a long shelf-life biosensor for the analysis of L-lactate in 
dairy products and serum samples. Food Chem 2005, 92:575-581. 
94. Torriero AAJ, Salinas E, Battaglini F, Raba J. Milk lactate determination with  
a rotating bioreactor based on an electron transfer mediated by osmium complexes 
incorporating a continuous-flow/ stopped-flow system. Anal Chim Acta 2003, 
498:155-163. 
95. Monošík R, Streďanský M, Greif G, Štrudlík E. A rapid method for determination of 
L-lactic acid in real samples by amperometric biosensor utilizing nanocomposite, 
Food Control 2012, 23:238-244. 
96. Hajizadec K, Halsall HB, Heineman WR. Immobilization of lactate oxidase in  
a poly(vinyl alcohol) matrix on platinized graphite electrodes by chemical cross-
linking with isocyanate. Talanta 1991, 38:37-47. 
97. Bardeletti G, Sechaud F, Coulet PR. A reliable L-lactate electrode with a new 
membrane for enzyme immobilization for amperometric assay of lactate. Anal Chim 
Acta 1986, 187:47-54. 
98. Zaydan R, Dion M, Boujtita M. Development of a new method, based on a bioreactor 
coupled with an L-lactate biosensor, towards the determination of a nonspecific 
inhibition of L-lactic acid production during milk fermentation. J Agric Food Chem 
2004, 52:8-14. 
Przybyt 
Biotechnol Food Sci, 2014, 78 (1), 71-88                                       http://www.bfs.p.lodz.pl 
88 
99. Esti M, Messia MC, La Notte E, Lembo P, Compagnone D, Palleschi G. Curd-
ripening evaluation by flow injection analysis of L-lactic acid with an 
electrochemical biocell during mozzarella cheese manufacture. J Agric Food Chem 
1996, 44:3102-3107. 
100. Rinken T, Riik H. Determination of antibiotic residues and their interaction in milk 
with lactate biosensor. J Biochem Bioph Meth 2006, 66:13-21. 
101. Goriushkina TB, Soldatkin AP, Dzyadevych SV. Application of amperometric 
biosensors for analysis of ethanol, glucose and lactate in wine. J Agric Food Chem 
2009, 57:6528-6535. 
102. Gamella M, Campuzano S, Conzuelo F, Curiel JA, Muñoz R, Reviejo AJ, Pingarrón 
JM. Integrated multienzyme electrochemical biosensor for monitoring malolactic 
fermentation in wines. Talanta 2010, 81:925-933. 
103. Lowinsohn D, Bertotti M. A biosensor based on immobilization of lactate oxidase 
in a PB-CTAB film for FIA determination of lactate in beer samples. J Braz Chem 
Soc 2008, 19:637-642. 
104. Korneyeva LCh, Borisova AV, Yashina YI, Karyakina EE, Voronin OG, Cosnier S, 
Karyakin AA. Electrochemical polymerization of N-substituted pyrrols for the 
development of novel lactate biosensor. Mosc Univ Chem Bull 2010, 65:49-55. 
105. Hart AL, Matthews C, Collier WA. Estimation of lactate in meat extracts by screen-
printed sensors. Anal Chim Acta 1999, 386:7-12. 
106. Kim N, Haginoya R, Karube I. Characterisation and food application of an 
amperometric needle-type L-lactate sensor. J Food Sci 1996, 61:286-290. 
107. Kwan RCH, Hon PYT, Mak KKW, Renneberg R Amperometric determination of 
lactate with novel trienzyme/poly(carbamoyl) sulfonate hydrogel-based sensor. 
Biosens Bioelectron 2004, 19:1745-1752. 
108. Davis RS, Farr VC, Prosser CG, Nicholas GD, Turner S-A, Lee J, Hart AL. Milk  
L-lactate concentration is increased during mastitis. J Dairy Res 2004, 71:175-181. 
109. Kriz K, Kraft L, Krook M, Kriz D. Amperometric determination of L-lactate based 
on entrapment of lactate oxidase on a transducer surface with a semi-permeable 
membrane using a SIRE technology based biosensor. Application: tomato paste and 
baby food. J Agric Food Chem 2002, 50:3419-3424. 
110. Przybyt M, Biernasiak J. Zastosowanie biosensorów do oznaczania mleczanów  
w owocowych sokach komercyjnych i koncentratach. Application of biosensors to  
L-lactate assai in commercial juices and concentrates. Żywność Nauka Technologia 
Jakość 2008, 5:168-177. 
111. Przybyt M, Iciek J, Papieska A, Biernasiak J. Application of biosensors in early 
detection of contamination with lactic acid bacteria during apple juice and 
concentrate production. J Food Eng 2010, 99:485-490. 
